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Abstract 
The usage of ultrasonic manipulation of cells enables a more in vivo-like study with 

maintained cell viability compared to ordinary systems based on 2D manipulation. The 

method can be applied for cell trapping and micro tissue engineering and has applications for 

medical and biological studies.  

The current system used at the Department of Applied Physics, Royal Institute of Technology, 

needs characterization and optimization regarding its subsystems. This thesis has studied 

the setup in order to map the origins of heat generation, to improve the system arrangement. 

As a result, an overview of affecting factors has been presented. The thesis is based on 

temperature and bead measurements with and without the use of an impedance matching 

circuit and with/without amplifiers. It was found that the system could be optimized with a 

smaller and less expensive amplifier reducing the overall system costs. The thesis also 

resulted in a proposition for further work to optimize the system with respect to its 

subsystems.  
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1. Introduction  
A cell trapping system making use of ultrasonic standing waves has been developed at the 

Department of Applied Physics, Royal Institute of Technology. Cell manipulation with the 

use of ultrasonic standing waves has advantages in terms of bridging the gap between in vivo 

and in vitro studies, compared with 2D systems. Further information regarding cell trapping 

is found in Appendix A and B.  

The cell trapping system can be decomposed into subsystems in which each are affected by 

various parameters, in accordance to figure 1. The power supply consists of a function 

generator providing a broadband amplifier with a control signal. The driving signal from the 

amplifier actuates a piezoelectric transducer generating ultrasonic waves. The ultrasonic 

waves propagate through a Multi-Well Chip (MWC) containing the cell solution, resulting in 

cell clustering.  

The transducer subsystem can be described constituting of three domains that affects the 

performance of trapping cells: electrical, acoustical and mechanical domain, schematically 

illustrated in figure 1. The electric field from the driving signal polarizes the piezo element 

causing mechanical strain in the same direction as the electric field, and by alternating the 

signal the strain will fluctuate and generate ultrasonic waves.  

An electrical Impedance Matching (IM) circuit has also been introduced in figure 1, acting as 

a bridge for the electrical power between the power supply and the transducer.  

 

Figure 1. Laboratory subsystems with a function generator (FG) and amplifier (AMP) delivering 

power to the transducer platform. Three domains alter the cell trapping performance and must be 

studied both independently and regarding their relation to optimize the system. 

There is a need to study and characterize the overall system and to analyze which parameters 

of each subsystem that influences the cell trapping performance (Appendix A) and to optimize 

the system based on the results from the characterization. The original system is dependent 

on an expensive high power broadband amplifier and a substantial amount of energy is 

transformed into heat, introducing requirements of a temperature regulation system (not 

shown in figure 1) to keep the temperature of the MWC at a stable adequate level. 
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2. Objective 
The objective of this thesis was to characterize the existing laboratory setup and optimize the 

system regarding its electrical subsystem and setup design, as well as characterize its cell 

trapping abilities. The aim was to reduce the system in terms of cost and unwieldy 

components and its dependency of active temperature regulation.   
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3. Materials and Methods 
This section presents the materials used and methodology applied for the laboratory setups. 

Appendix A discusses the equivalent circuit of a resonator where the power loss over the 

resistor corresponds to heat- and acoustic losses. For this reasons measurements were 

executed to observe the relationship between applied voltage, heat generation and bead 

clustering to operationalize the resulting power loss over the resistor with and without IM. 

Parallel to bead clustering, amplifiers and function generator settings were investigated.  

The fundamental laboratory setup is schematically illustrated in figure 2 with function 

generator and amplifier delivering voltage to the circuit constituting of the IM network and 

transducer, supervised by an oscilloscope.  

  

Figure 2. Initial setup for impedance matching trials, with the function generator and amplifier delivering 

power to the transducer via an IM circuit. The characteristics of the circuit is surveilled with an oscilloscope. 

Thereafter, analysis of the setup was done without the broadband amplifier but also with a 

new, smaller and less expensive amplifier.  

3.1 Function Generator, Broadband Amplifier and Oscilloscope 

A DS345 (Stanford Research Systems, CA, USA) function generator was used to deliver the 

control signal. The DS345 can supply a signal with desired waveform, frequency and voltage 

and had an internal resistance of 50  (standard for RF applications).  

A 75A250A broadband amplifier (Amplifier Research, WA, USA) was used to amplify the 

control signal. The internal resistance of the amplifier was the same as for the function 

generator, 50 . The 75A250A amplifier operates between 10kHz – 250 MHz with adjustable 

gain up to 75 W and is compatible against any load impedance without risk of taking damage. 

The 75A250A amplifier will subsequently be referred to as old or broadband amplifier. The 

study of network response was done using a Tektronix TDS 620B oscilloscope (Tektronix, OR, 

USA) with an internal resistance of 50 Ω. 
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3.2 Impedance Analyzer 

For impedance and phase measurements a LCR meter, Z-check 16777k impedance analyzer 

(SinePhase Instruments, Interbrül, Austria), was used. With the included software, 

parameters for impedance and conductance over a frequency span could be extracted and 

exported to MATLAB.  

3.3 Transducer Configuration 

A transducer platform was assembled in accordance with the usual cell trapping transducer. 

It consisted of a APC840 (APC International, PA, USA) ceramic disc, aluminum frame, 

screws, bolts, aluminum holder, polydimethylsiloxane (PDMS) frame, polymethyl 

methacrylate (PMMA) spacer and wires, seen in figure 3.  

The impedance characteristics of the transducer was measured throughout the assembly 

process, results from the PZT element and fully assembled transducer can be found in section 

4.1.  

Figure 3. The transducer platform used. (a) Assembled transducer platform. (b) Different parts of the assembly, 

where (1) is the bolts and screws, (2) glass sheet, (3) SMB contact, (4) aluminum holder, (5) aluminum frame, (6) 

ceramic disc, (7) PDMS frame, (8) MWC and (9) PMMA spacer. 

Between the transducer PZT element and the MWC, oil (Immersol 518 F, Zeiss, Oberkochen, 

Germany) was applied, to act as matching layer between the MWC and PZT element 

minimizing the acoustic impedance mismatch between the two interfaces.  

 

 

 

 

 

 

a) b) 
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3.4 New Amplifier 

A new linear high frequency amplifier was ordered and tested, figure 4. It was supplied with 

a EL183R (AIM-TTI Instruments, Huntington, UK) Direct Current (DC) voltage supplier. 

The new amplifier has a maximum operating current of 5 A and input voltage of 28 V, 

resulting in maximum power output of 50 W and possess an internal resistance of 50 Ω.  

 

Figure 4. New amplifier compared with the broadband amplifier. 

3.5 Measurement 1: Impedance and Matching Network 

The purpose of impedance measurements is to characterize the frequency response of the 

transducer to reduce the reflected power from the connected circuit back to the amplifier 

(Appendix B).  

Sweeps were initially performed between 2.0 MHz – 2.5 MHz based on the specified resonance 

frequency for the PZT element with steps of 100 Hz and a delay of 10 milliseconds (1). The 

resonance peak was not clear and therefore the span was increased to 1.5 MHz – 2.5 MHz 

(see section 4.1). Each impedance measurement was repeated three times from which the 

mean value was calculated and presented with the use of MATLAB. With gained results from 

the impedance characteristics of the transducer, IM circuits were constructed. By empirical 

tests and the use of a Smith chart a LC-network was chosen (Appendix B).  The impedance 

measurement setup for IM network and transducer is seen in figure 5.  
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Figure 5. Impedance measurements with IM circuit and transducer platform connected. 

With only transducer connected, the power P is converted to either heat or mechanical 

fluctuations generating ultrasound. The power dissipated from the amplifier to the connected 

circuit can be described with equation 2.1 where cos 𝜃 defines the power factor, dependent on 

the phase angle θ between IRMS and URMS. The power factor was plotted for the whole 

frequency span using the phase values from impedance analyzer. 

𝑃 = 𝐼𝑅𝑀𝑆𝑈𝑅𝑀𝑆 cos𝜃 [Eq. 2.1] 

 

P Power dissipated from amplifier 

IRMS Root Mean Square (RMS) value of current 

URMS RMS value of the voltage 

θ Phase angle between IRMS and URMS 

 

However, the power factor only considers the power dissipated to the entire circuit connected 

and therefore indicates the power transfer from the amplifier, but does not take in account 

the power delivered to the transducer only.  

3.6 Measurement 2: Heat Generation 

The temperature generation in the MWC is a critical parameter for the cell viability 

(Appendix B) and thus had to be studied. There was also a need to determine whether the 

heat generation origin from impedance mismatch or not.  

The heat measurements were performed with the use of a FLIR C2 infrared (IR) camera 

(FLIR Systems AB, Täby, Sweden). It was mounted 10 cm above the transducer, focused on 

the MWC and image acquisition was controlled by MATLAB code. Each heat measurement 

was repeated 3 times, with approximately the same initial temperature on the MWC, and 

mean value was calculated. For all measurements, the gain on the amplifier was set to deliver 

a voltage of 5.0 VRMS over the transducer for two different fixed frequencies.  

The procedure was done both without and with the IM circuit to surveille the IM circuit 

impact on heat generation in the MWC. For this thesis, the emissivity on the IR camera was 

set to 0.96, close to the emissivity of water (2).  The MWC was filled with 100 µl of distilled 

water prior to each measurement. No glass was put in between the camera and the chip to 

reduce risk of IR reflection from the glass. The setup is illustrated in figure 6.  
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Figure 6. The setup for heat measurements, with the FLIR C2 camera and transducer platform. The focus 

was set toward the microchip wells. The entire set up was placed on a low and uniform IR-reflective surface. 

3.7 Measurement 3: Bead Clustering and Amplifier Settings 

To analyze the influence of the cell clustering performance by the IM circuit and new amplifier 

the bead accumulation and temperature response was evaluated. 5 µm blood cell phantoms 

suspended in a water solution was used throughout this measurement, further referred to as 

beads. The transducer was placed under a Axiovert 40 CFL microscope (Zeiss, Oberkochen, 

Germany) with an Alpha 77 camera (Sony, Tokyo, Japan) attached. 10 µl bead suspension 

was applied in 100 µl distilled water pre-filled in the MWC. A 14 minutes’ delay was 

introduced before applying the voltage to allow the beads to sediment. The setup of bead 

surveillance is displayed in figure 7.  

 

Figure 7. Bead clustering setup. The transducer was placed on a microscope with a 

connected camera enabling real-time visualization of beads on a larger screen. 

Bead clustering was executed with broadband amplifier, only the function generator and with 

new amplifier, with and without IM circuit. For these measurements, Frequency Modulation 
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(FM) was applied, sweeping ± 50 kHz with 1 kHz rate. The initial and final temperature after 

30 minutes were registered by the IR camera.  

With broadband amplifier connected the gain was set for ensuring 5.0±1 VRMS to the circuit. 

For the new amplifier, the function generator was set to maximum supply of 3.5 VRMS for 

characterization or selected to ensure 5±1 VRMS over the transducer for bead cluster efficiency. 

The DC supply settings for the new amplifier can be found section 4.3.3.  

With only function generator connected it delivered 3.5 VRMS to the network. Frequency 

modulation was applied for all bead measurements. Figure 8 show the difference in bead 

response between no manipulation and when using FM manipulated ultrasound.  

 

 

Each bead clustering measurement was controlled per their ability to collect beads into 

demarcated clusters, spherical shape, position in the wells and severity of acoustic streaming 

coupled to the selected settings on function generator and/or amplifier.  

a) b) 

Figure 8. The bead response when force is applied. (a) with no ultrasonic manipulation and thus 

beads randomly spread. (b) Ultrasonic manipulation with FM settings cause the beads to cluster. 
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4. Results 
This section presents the results gained from the laboratory work. The results from 

transducer characterization is presented followed by the introduction of IM circuit, the 

temperature measurements and finally bead measurements and amplifier settings.  

4.1 Measurement 1: Impedance and Matching Network 

Figure 9, 10 and 11 displays impedance and admittance characteristics for the PZT element, 

figure 12a for the fully assembled transducer and figure 12b when connected to the IM 

circuit. The impedance characteristics for the PZT element is showed both with a linear and 

logarithmic y-axis (figure 9a and 9b respectively) in order to cover the wide range of 

impedance values.  

The frequency of resonance is distinguished at 0º phase shift between the driving voltage 

and current which coincides with a characteristic impedance dip. The correlation of the PZT 

elements mechanical resonance at 0º phase shift can be explained when approximating the 

PZT element with the equivalent circuit for a resonator with the use of a Butterworth Van 

Dyke (BVD) model (appendix A). However, an equivalent circuit of the PZT element with 

the BVD model was not formulated since the fully assembled transducer exhibit complexity 

due to the influence on mechanical parameters introduced when gluing the PZT element 

onto the aluminum frame.  

According to the manufacturer, the resonance frequency should occur between 2.033 MHz 

and 2.247 MHz (specified as 2.14 MHz ± 5%). Around 2.039 MHz (marked in figure 9b), the 

phase shift is 0º and the impedance has its lowest value, indicating where the resonance 

frequency might occur. The impedance peak at 2.410 MHz is related to the frequency of 

anti-resonance. 

 

Figure 9. PZT impedance characteristics. (a) response of the PZT (linear y-axis). (b) response for the PZT 

(logarithmic y-axis). The resonance behavior was located by studying the phase shift from negative to positive 

value and from positive to negative. The frequency of resonance occurs at approximately 2.039 MHz and anti-

resonance at 2.410 MHz (marked with black lines in figure 9b).  

However, since the impedance dip is not clearly distinguished in figure 9 a deeper study of 

the resonance behavior was performed to achieve a clear indication of the resonance 

frequency. A new plot over admittance values with a linear y-axis and increased frequency 

range (outside the range specified by the manufacturer) to 1.5 – 2.5 MHz, maximum 
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admittance at 0º phase shift indicates the resonance frequency around 1.900 MHz (figure 

10). 

 

Figure 10. The admittance behavior for the PZT element between 1.5 – 2.5 MHz plotted with a linear 

y-axis. The resonance frequency can be distinguished at 0º phase shift and maximum admittance, 

approximately around 1.900 MHz, which is outside the region specified by the manufacturer.  

Furthermore, the frequency of anti-resonance is found by plotting the admittance with a 

logarithmic y-axis as shown in figure 11, approximately at 2.410 MHz, previously shown in 

figure 9b.  

 

Figure 11. The admittance behavior for the PZT element between 1.5-2.5 MHz plotted with a 

logarithmic y scale for the admittance. Anti-resonance occurs at approximately 2.410 MHz. 

Figure 12 shows the impedance graphs for the assembled transducer. In figure 12 the 

characteristic resonance peaks are missing and the graphs shows a more damped behavior. 

In order to distinguish where the system resonates, the same method of locating the 0º 

phase shift is applied. As mentioned, since the transducer platform contains several 

components exhibiting damping, its phase and impedance characteristics will alter when 

the transducer is fully assembled compared with the PZT element alone.  

For figure 12a, without IM circuit, the phase shift from negative to positive value is located 

at 2.133 MHz indicating the systems frequency of resonance, while the anti-resonance is 

found at 2.259 MHz (figure 12a). These frequencies are also marked in figure 12b where the 

impedance matching circuit is connected. Note that the measurement now shows the 

impedance behavior for the whole system including the electric circuit, and not only for the 
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transducer. These frequencies were used throughout the thesis, alongside with 2.460 MHz 

which is the frequency generating minimum bead clustering area according to previous 

study (3).  

 

           Figure 12. Transducer impedance characteristics. (a) response of the assembled transducer. (b) impedance 

characteristics for the assembled transducer connected to IM circuit with 50 Ω series compensation to simulate the 

inner impedance of the amplifier. In (a) and (b) markings for 2.133 MHz and 2.259 MHz are found (black lines).  

Figure 13 shows the constructed IM circuit and its equivalent circuit to match the transducers 

real and complex impedance readout from the impedance graph (figure 12b) against the 50 Ω 

inner impedance of the amplifier. The IM circuit indicating most promising results was a LC-

based network with an inductive component of 50 nH and capacitive component of 6.6 nF. 

The LC-network was constructed with the aid of a Smith Chart (Appendix B) and by empirical 

research for fine adjustments.  

 

Figure 13. (a) the constructed LC network. (b) equivalent circuit with C1 of 6.6 nF and L1 of 50 nH. 

The power factor was plotted, figure 14, before and after connecting the IM circuit to the 

assembled transducer platform. The results indicate a more stable power factor when an IM 

circuit is introduced to the system.  

a) b) 

a) b) 
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Figure 14. The power factor response for various frequencies. (a) Power factor with only transducer 

connected. (b) Power factor for the transducer and IM circuit. Note the more stable behavior of the power 

factor when the impedance matching circuit was introduced.  

a) b) 
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4.2 Measurement 2: Heat Generation 

Heat generation and its response when introducing an IM circuit was performed with the use 

of broadband amplifier. Fixed frequency was applied and the gain set to ensure 5 VRMS over 

the transducer. The function generator delivered a 0.20 VRMS sine wave to the amplifier. Table 

1 displays the gain selection for different frequencies and setups. 

Table 1. The voltage and gain selection for varying frequencies without and 

with the IM circuit connected to the transducer. 

Frequency [MHz] Gain no IM [dB] Gain IM [dB] 

2.133 43 44 

2.460 36  41 

 

The temperature plot in figure 15 shows the mean temperature value (blue) over a period of 

30 minutes, where the temperature was registered every 10th second by the IR camera. The 

maximum mean value is marked by the red dotted line while the maximum value from one 

of the three measurements in blue dotted line. Figure 15 displays the heat generation in the 

MWC without (a, b) and with (c, d) connected IM circuit. Frequencies used was 2.133 MHz 

and 2.460 MHz, corresponding to resonance frequency and the one showing most promising 

bead clustering (3).  

 

 

 

a) b) 

c) d) 

Figure 15. Each graph displays the mean temperature response from 3 measurements for 30 minutes’ 

duration. (a) temperature response at 2.133 MHz and no IM. (b) 2.460 MHz and no IM. (c) 2.133 MHz 

with IM. (d) 2.460 MHz with IM.  
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4.3 Measurement 3: Bead Clustering and Amplifier Settings 

The bead measurements and amplifier settings are divided in sections of old amplifier 

with/without IM circuit, no amplifier with/without IM, and new amplifier with/without IM.  

4.3.1 Bead Clustering – with broadband amplifier and 5 VRMS over transducer 

For these measurements, the function generator was set to deliver 0.2 VRMS to the amplifier. 

Table 3 shows the starting and final temperature for the transducer without IM circuit. Since 

FM was applied, the electrical potential over the transducer varies ±1 VRMS.   

Table 2. Bead clustering with amplifier but no IM circuit.  

Frequency [MHz] Gain[dB] TStart [°C] TFinal [°C] 

2.133 43 24.2 46.7 

2.259 39 25.1 44.2 

2.460 36 24.4 35.6 

 

Table 4 shows the starting and final temperature for the transducer platform with IM circuit 

connected.  

Table 3. Bead clustering with amplifier and IM circuit. 

Frequency [MHz] Gain[dB] TStart [°C] TFinal [°C] 

2.133 44 23.6 46.4 

2.259 40 25.1 40.2 

2.460 41 24.9 31.3 

 

Figure 16 show the temperature response (°C) for different setups with broadband amplifier 

in use.  

 

Figure 16. Temperature response [°C] for broadband amplifier at varying frequencies [MHz]. 
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4.3.2 Bead Clustering – without amplifier  

Table 4 shows the starting and final temperature for the transducer without amplifier and 

IM circuit connected. This leads to a lower electrical potential over the transducer, thus a 

lesser temperature.    

Table 4. Bead clustering with only function generator 

connected to the transducer. 

Frequency [MHz] TStart [°C] TFinal [°C] 

2.133 24.2 26.5 

2.259 25.1 28.5 

2.460 21.3 24.6 

 

Table 5 shows the starting and final temperature for the transducer without amplifier but 

with IM circuit.  

Table 5. Bead clustering with function generator and IM 

circuit connected to the transducer. 

Frequency [MHz] TStart [°C] TFinal [°C] 

2.133 25.1 26.7 

2.259 24.1 25.8 

2.460 22.1 23.6 

 

Figure 17 show the temperature response (°C) for different setups with only function 

generator connected to transducer.  

 

Figure 17. Temperature response for function generator. Note, a lower voltage is supplied 

over the transducer with only the function generator, hence it generates lower temperature 

increase than when an amplifier is introduced to the circuit.  
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4.3.3 Bead Clustering – with new amplifier maximum gain 

Characteristics and input settings for the new amplifier. The function generator was set to 

deliver 3.5 VRMS. Table 6 displays the settings and response without IM network connected.  

Table 6. Bead clustering with the new amplifier, supplied with 3.5 VRMS from function 

generator. 

f 

[MHz] 

VDC 

[V] 

IDC 

[A] 

VOsc_in 

[V] 

VOsc_out 

[V] 

Gain 

[dB] 

TStart  

[°C] 

TFinal 

[°C] 

2.133 18.29 3.08 3.7 4.0 0.7 24.6 42.3 

2.259 18.29 3.05 3.6 17.2 13.5 25.6 88.71 

2.460 18.29 3.05 3.7 12.8 11.6 25.1 >90.02 

 

Table 7 displays settings and response with the new amplifier when IM network was 

connected to the transducer. 

Table 7. Bead clustering with new amplifier and IM network, supplied by 3.5 VRMS from 

function generator. 

f 

[MHz] 

VDC 

 [V] 

IDC 

[A] 

VOsc_in 

[V] 

VOsc_out 

[V] 

Gain 

[dB] 

TStart  

[°C] 

TFinal 

[°C] 

2.133 18.29 3.1 3.7 4.4 2.0 25.1 36.3 

2.259 18.29 3.1 3.6 8.0 7.2 25.8 60.3  

2.460 18.29 3.1 3.7 3.0 -1.3 25.9 36.7 

 

Figure 18 show the maximum output VRMS [V] without respective to with IM circuit connected 

for different frequencies [MHz] with the new amplifier.  

 

Figure 18. Output voltage [V] for the different setups and frequencies [MHz]. 

                                                
1 Aborted after 5 min due to excessive temperature generation.  
2 Aborted after 9 min due to excessive temperature generation. 
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4.3.4 Bead Clustering – with new amplifier and 5 VRMS over transducer 

Table 8 shows settings for 5.0±0.3 VRMS over transducer without IM.  

Table 8. Bead clustering with new amplifier and transducer supplied by 5 VRMS over transducer. 

f 

[MHz] 

VDC 

 [V] 

IDC 

[A] 

VFG  

[V] 

VOsc_in 

[V] 

VOsc_out 

[V] 

Gain 

[dB] 

TStart  

[°C] 

TFinal 

[°C] 

2.133 - - - - - - - -3 

2.259 18.29 2.0 0.9 0.9 4.8 14.5 22.6 32.0 

2.460 18.28 2.3 1.9 2.0 5.3 9.1 25.7 38.2 

 

Table 9 shows settings for 5.0±0.3 VRMS over transducer with IM. 

Table 9. Bead clustering with new amplifier and IM network supplied with 5 VRMS over transducer. 

f 

[MHz] 

VDC 

 [V] 

IDC 

[A] 

VFG  

[V] 

VOsc_in 

[V] 

VOsc_out 

[V] 

Gain 

[dB] 

TStart  

[°C] 

TFinal 

[°C] 

2.133 - - - - - - - -4 

2.259 18.28 2.5 2.5 2.1 5.1 7.7 25.7 37.4 

2.460 - - - - - - - -5 

 

Figure 19 shows the difference in temperature response (°C) for the different setups when 5 

VRMS is applied over the transducer for different frequencies (MHz).  

 

Figure 19. Temperature response for the different amplifiers when 5 VRMS was supplied over 

the transducer. Y-axis denotes temperature [°C] and x-axis the frequency setting [MHz].  

                                                
3 Maximum voltage over transducer for this setup is 4.0 VRMS, see table 7.  
4 Maximum voltage over transducer for this setup is 4.4 VRMS, see table 8.  
5 Maximum voltage over transducer for this setup is 3.0 VRMS, see table 8. 
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5. Discussion  
Since the main objective was to revise the electric subsystem to reduce the need of the 

broadband amplifier and the active temperature regulation system, the method emanated 

from electric optimization of the power supply based on the conditions of how the cell trapping 

system is used daily. Experiments were therefore established to simulate normal usage and 

measurements were performed on the electric subsystem for voltage, current, impedance and 

phase shift dependency for various frequencies.  

The initial assumption was that the impedance mismatch led to power reflection between the 

amplifier and the transducer. To compensate for this, gain was increased to achieve an 

adequate cell trapping performance. Power reflection led to a power loss resulting in heat 

generation from the piezo element into the MWC. The generated heat had to be controlled 

with an active temperature regulation system. 

Therefore, bridging the impedance mismatch would in theory result in the possibility of using 

a less complicated amplifier. The power transfer to the transducer would be optimal for all 

frequencies and the output power from the amplifier could then be lowered for the same 

acoustic output transmitted from the transducer. Minimized power reflection would decrease 

the generated heat which could diminish the need for an active temperature regulation 

system. 

After literature study, impedance measurements and pilot test of electrical impedance 

matching circuits, the assumptions had to be rejected based on two arguments. Firstly, the 

impedance characteristics varied over the frequency span, hence an optimal IM circuit 

working for a wide range of impedances was not possible to construct with only passive 

components. Secondly, the temperature of the MWC before and after the IM network was 

introduced did not differ significantly.  Heat generation was mostly dependent on the voltage 

applied to the piezo element and the driving frequency and not impedance mismatch. 

This led to the conclusion that the initial methodology had to be expanded. Different 

subsystems and domains are interconnected in a complicated manner, where each needed to 

be investigated (Appendix A). The energy transfer from polarization of the piezo element to 

generated acoustic output could be described with the interaction between electrical, 

mechanical and acoustical domains of the piezo element; an optimization of the electric 

subsystem would not consequently lead to better cell trapping performance if other factors on 

the transfer chain had larger impact on the energy transmission. Also, the design of the fully 

assembled transducer affects the typical resonator characteristics which makes the 

impedance measurement of the fully assembled transducer vague without deeper studies of 

the generated acoustic waves, which was performed with the study of bead clustering which 

is an indirect method.  

However, impedance measurements of the constructed IM circuit connected to the transducer 

revealed more stable behavior of the phase shift and consequently the power factor (figure 

11), indicating that the IM introduced would decrease the requirement on the amplifier in 

terms of handling reflected power. The transducer would thus be able to operate with the 

same performance using any appropriate amplifier without high demands on handling 

reflected power.  
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For the experiments, a higher demand on controlled variation could be applied. The voltage 

across the transducer is varied per its temperature. Fixed frequency ensures a constant 

variable but does not resemble how the system is used and beads are merely a model for real 

cells. With the use of instrumentations (acoustic output and direct measurement of reflected 

voltage) the influence of the observer would be reduced. An increase in convergent validity 

could be gained by introducing a parallel heat measurement method, for instance the use of 

a thermocouple. These factors imply that the conditions for each measurement are somewhat 

different which must be taken into consideration. 

5.1 Characterization 

The acoustical and mechanical domain has not been focus for this thesis. Acoustical domain 

has merely been investigated in the sense of surveillance of the bead clustering performance. 

This is not a direct observation of acoustical performance, but is based on the physics of the 

system. Since the electrical domain precedes the acoustical, they share dependent variables 

– changing frequency or voltage influence acoustic output.  

As figure 9 compared to figure 12 suggests, the impedance characteristics of the PZT is 

affected when assembled to the transducer platform (and thereby the resonance behavior). 

The assembly lowers the impedance and makes its resonance characteristics less profound in 

the impedance graphs. The resonance frequency for the transducer platform was located at 

2.133 MHz, the anti-resonance frequency at 2.259 MHz by studying the impedance graphs 

and locating the 0º phase shift (figure 12). The anti-resonance is of interest since reports 

suggests that it could give a lower heat generation than resonance frequency (4). No such 

correlation was distinct in this thesis originating in the complex coupling between the 

domains. 

When damping a system, the logical conclusion is that resonance frequency lowers, compared 

to when the system only consisted of a standalone PZT element. However, the results from 

this thesis indicates an increase of resonance frequency. The fully assembled transducer was 

assumed to behave as an ideal resonator which was not the case due to the amount of 

influence from the aluminum frame and the chip holder on the PZT element. The assembly 

process thereby complicates the behavior of the system. The reason for the difference of 

frequency response might origin from effects that are hard to predict. For example, the 

influence on the mechanical parameters in the PZT element when glued to the aluminum 

frame, as stiffness and effective mass. Furthermore, this fixation of PZT element limit its 

natural vibration pattern.   

However, the same measurements states that the temperature is further decreased when 

driving the system with 2.460 MHz strengthening the theory of it as the optimal frequency 

selection when comparing the three alternatives, stated by the study of cell clustering area 

and clustering speed  (3). But it might also be interpreted in different manner by combining 

the results from figure 9b, temperature measurements and the study of bead clustering. An 

impedance dip can be seen for the PZT element around 2.450 MHz, indicating a resonance 

harmonic and that the assembly of the transducer does not affect the original acoustical 

behavior of the PZT element as the impedance measurement in figure 12 showed. Further 

studies shall therefore focus on a broader frequency span including the central resonance 

frequency around 1.900 MHz for the PZT element (figure 10).  
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5.2 Measurements 

The efficiency of the conversion from electric energy to acoustic energy is of interest. Not to 

achieve as high acoustic energy as possible, which would lead to severe acoustic streaming, 

but rather to drive the transducer with as low voltage as possible reducing the heat generated 

and still reach an adequate acoustic output, which is stated as the conversation efficiency 

from electrical to acoustical energy.  

As seen in Appendix A, a resonators electrical equivalent can be modelled with a lumped 

element circuit consisting of two capacitors, one inductor and one resistor. Power loss over 

the resistor represents an energy conversion from electric to acoustic and heat energy. 

Therefore, the temperature and cell trapping performance was observed to indicate the 

energy distribution.  

As equating 3.7 (Appendix B) states, maximum power is reached if the phase in between 

voltage and current is zero. Heat generation measurements show no distinct causation 

between impedance mismatch (electrical loss) and heat generation. The heat generation is 

thus mainly linked to the dielectric and mechanical losses of the resonance system. The 

system should be optimized in a wider extent than only according its electrical transfer and 

impedance mismatch. The conversions between electrical to mechanical and from mechanical 

to acoustical transfer are of importance. Increased temperature of the transducer alters its 

characteristics, which in turn affects the electrical potential being supplied over the 

transducer (5). The temperature increase results in lower voltage applied over the transducer 

thus less heat generation and lesser force exerted on the beads. On the other hand, it was 

found the amount of force (voltage) needed to keep the beads clustered was not as high as 

needed to accumulate them in the first place. An initial high voltage for clustering could thus 

be switched to a lower voltage keeping the beads clustered and thus decrease the temperature 

generation.  

The results suggest, while it is possible to collect beads with only using the function generator, 

the performance is improved when introducing an amplifier to the system. Without amplifier, 

the beads cluster slower and in less profound spheres with the benefit of lesser temperature 

increase. Hence, there is a tradeoff between clustering efficiency and heat generation and 

acoustic streaming, as could be expected. The desire to monitor the cells with a confocal 

microscopy implies higher demands of more compact cell clusters thus only the use of a 

function generator is not sufficient.  

5.3 System Optimization 

The system is thus dependent on an amplifier for ensuring enough force to cluster the beads 

in such a way the cell aggregation can be used for biological and clinical studies. The 

previously used broadband amplifier can be substituted with a smaller, more agile and 

cheaper generating an optimized system. The heat and bead measurement indicate adequate 

bead clustering at voltage level ensuring a decreased heat generation. Consequently, a 

smaller temperature regulation system could be installed.  

5.4 Future Work  

To further reduce the heat transmitted to the cell sample, the design of the transducer could 

be redefined. A unit with flanges guiding the heat away from the MWC, material with higher 
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thermal conductivity could be introduced. If to redesign the transducer, the initial criteria for 

the design should not be forgotten: the system ought to work for high-resolution optical 

microscopy, be robust, easy to operate and able to operate in a cell incubator (6). Also, the 

acoustic impedances of the device must be taken into consideration so that maximum acoustic 

energy transfer is met. 

There is also a need to surveille the choice of PZT element. The dielectric loss tangent of the 

PZT is coupled to the heat generated by the material when actuated (7). A larger dielectric 

loss tangent, or dielectric dissipation factor, a larger fraction of stored power is converted to 

heat in the PZT. The existing PZT (APC840) has a larger dielectric dissipation factor 

compared to for instance APC841 (8), which otherwise is similar to APC840. Further studies 

with the existing setup has to include lower frequency regions. 

The blood phantom beads have different composition and characteristics compared to real 

blood cells - they are mere a model of the real world. The force affecting the particles are 

dependent on particle size and density (Appendix B) which differs between beads and cells 

(and in between different cell types). For further studies, real cells should be used. Bead 

measurements are also an indirect method of gaining acoustic output. The small size of the 

wells demands small instruments to be used which has not been available. However, it would 

give a direct read of the acoustic output and how it is affected by the different setups.  

There are also reasons to study the MWC and their individual differences. If there is a 

significant difference in their construction (size, distance between wells etc.) it can have an 

impact on the system efficiency and choice of optimal frequency settings.  
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6. Conclusion 
The cell trapping setup has been fractioned into subsystems and domains where an extensive 

characterization of the system was performed. The power supply was optimized by 

introducing a less expensive and more compact amplifier and further areas of deeper study 

has been suggested.  
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8. Appendix 
This part presents two appendixes: Appendix A: Brief Analysis of the Cell Trapping System 

focusing on the domains of the setup with a shorter analysis of how they affect the trapping 

abilities while Appendix B: State of the Art contains a more fundamental theory background 

of ultrasonic and electronics.  



 APPENDIX A: Brief Analysis of the Cell Trapping System 

Appendix A discuss the different domains coupled to the setup and how they influence the 

system performance.   
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1 Introduction 
A brief analysis was performed to map the transfer chain from generating an electrical 

driving signal to trapping of particles. The analysis identifies different aspects that might 

influence the overall system performance. Schematically, the chain can be described with 

four domains with individually affecting factors shown in figure 1 below:   

 

 

 

 

Before further reading, some information is important to note:  

 The listed factors might correlate with the performance of other domains in a 

complicated manner which is not deeply analysed in this Appendix.  

 Since the factors might impact on different domains simultaneously, there could be 

a trade-off during the optimization process.  

 Some literature in the upcoming sections are externally valid for different kinds of 

piezo electric transducers but are not specific for the transducer used for cell 

trapping.  

The next sections will discuss how some of the factors stated influence the cell trapping 

performance.  

  

Electrical Domain
• Maximal Power Transfer

• Matched Impedance in order to 
reduce reflected electrical energy

• Driving signal
• Voltage amplitude affects the 

acoustic radiation force and 
acoustic streaming

• Driving frequency  shall coincide 
with the resonance frequency of 
the transducer and affects the cell 
trapping performance

• Wave modulation affects the 
clustering of cells and reduces 
acoustic streaming and 

• Revision of Setup Components
• The setup shall meet the 

requirements
• Electrode Area and their Spatial 

Placement
• Affects the polarization process 

of the piezo element

Mechanical Domain
• Resonance Frequency

• Where the transducer most 
efficiently converts electrical 
energy to mechanical vibrations

• PZT Material Specifications
• Dielectric Dissapation Factor
• Mechanical Coupling Factor e.g.  

• Equivalent Circuit
• Translating the mechanical 

behaviour of a resonator to an 
electrical circuit in order to 
deliver electric energy to the 
right components

Acoustical Domain
• Acoustic Wave Characteristics

• Sound pressure affects the 
acoustic radiation force as well as 
the wave velocity in medium i.e. 

Cell Trapping Domain
• Acoustic Radiation Forces

• The force acting on particles due 
to acoustic radiation

• Acoustic Streaming
• Phenomenon where trapped 

particles are flushed away 

Design Factors 
 Transducer Design 

 To choose a piezo element that effectively fulfil its purpose 

 Transducer Frame 

 To conduct heat away from the multi-well chip in an efficient manner e.g.  

 Multi-Well Design 

 To match the multi-well design after the acoustic wavelength e.g. 

Figure 1. Domains of the transducer system. 
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2 Systems Influence on Cell Trapping  
The purpose and main function of the system is the trapping and clustering of cells. For 

this reason, it is of interest to investigate how different parameters along the chain might 

affect the cell trapping performance.  

 Acoustic Sound Pressure and Driving Voltage 

The acoustic force acting on a particle is dependent on the square of acoustic pressure 

(further explained in Appendix B: State of the Art). Measurements revealed a dependency 

between the time until cells were clustered and the applied driving voltage, indicating a 

relationship between these. As stated by Wiklund, high actuation voltage will cause 

undesirable acoustic streaming. One way to suppress acoustic streaming is by using 

frequency modulation generated by the signal generator, which also serves a purpose of 

causing spherical cell clustering (1) as illustrated in figure 1.    

  Frequency and Multi-Well Design 

The selected frequency has several consequences for the cell trapping performance and 

system characteristics. For example, the spatial efficiency of the transducer but also the 

conversion from electric to acoustic energy is affected. But as stated; the main purpose is 

to trap cells. It is an advantage to dimension the multi-well chip after the resonance 

frequency of the piezo element, but since the acoustic response for piezo elements might 

differ individually it is also important to optimize the electric circuit to achieve a stable 

performance over a broad frequency span. This is discussed further in section 2.3.2. 

A broadband optimization of the electric domain has purpose in the fact that the operating 

frequency for optimal cell trapping performance did not coincide with the resonance 

frequency of the transducer (2). A hypothesis might be that since the multi-well chip are 

custom made, the dimensions of the multi-wells differs individually after the 

manufacturing process, and that the desired distance between the wells shall coincide 

with the wavelength associated with the resonance frequency of the piezo material. 

However, acoustic wave interactions between the wells is a complex phenomenon and hard 

to physically describe without deeper analysis.  

In practice, the simplest procedure to find an optimal driving frequency is to step 

throughout the frequency span and study the cell trapping response under microscope 

without respect to the electronic system. That is why a stable performance over a broad 

frequency span (approximately 1 MHz) is beneficial.  

Figure 2. Comparison between trapping of 5 μm beads using constant frequency (left) 

and frequency modulation (right). 
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 The Electrical and Mechanical Domain 

To get an efficient transformation from electricity to mechanical work for generation of 

ultrasound, it is of interest to analyse characteristics of piezo elements. Efficient 

transformation would theoretically result in a more stable broadband characteristic of the 

acoustic emission and/or an increment of electro acoustical efficiency, which in the end 

affects the cell trapping domain.  

2.3.1 Electromechanical Coupling 

The ratio in between input electrical energy and stored mechanical energy defines the 

conversation efficiency, a material property called electromechanical coupling coefficient, 

denoted k in the piezo element specification. Uchino stated that the actual work depends 

on the mechanical load, only a part of the stored mechanical energy can be used. This gives 

rise to another parameter – the energy transmission coefficient λmax which is the ratio 

between output mechanical energy and input electrical energy. The remaining energy is 

stored in an electrostatic manner as for a capacitor (3). 

2.3.2 Equivalent Circuit for Resonators 

If the driving voltage frequency coincides with the resonance frequency, an 

electromechanical resonance phenomenon will occur i.e. the driving voltage and 

mechanical resonance will be in phase resulting in the most efficient electromechanical 

conversation. Near resonance, a resonator can be modelled by an equivalent lumped 

element circuit using the Butterworth Van Dyke (BVD) model. Sakti explains how all 

parameters can be determined using nonlinear optimization with the generalized reduced 

gradient solver in Excel (4). The parameters could also be determined using the 

Optimization Toolbox in MATLAB. 

The BVD-model for a piezo element suggests an equivalent circuit consisting of a resistor 

R1, inductor L1 and capacitor C1 to describe mechanical properties. Furthermore, it 

consists of a clamping capacitor C0 in parallel to represent static inter-electrode capacity 

(see figure 2). 

 

Figure 2. Equivalent circuit for resonators with the lumped model. 

At resonance, the reactive components will cancel each other out resulting in 0º phase 

shift, why R1 can be determined at resonance. Power losses over R1 origins from factors 

caused by internal friction, as dielectric dissipation and emission of ultrasound. It is of 

interest to optimize the power transfer to R1 which will increase the driving efficiency of 

the amplifier.  

C0 is guilty of causing a clamping effect reducing the driving efficiency of the voltage 

supplier. Hence, by using a series inductor with the equivalent circuit chosen by eq. 2.1 

one can expect higher efficiency of the electromechanical transformation and eventually a 

relative increment of acoustic energy (5; 6).  

𝐿𝑎𝑑𝑑 =  
1

4𝜋2𝑓𝑟
2𝐶𝑒𝑙

 
Eq. 2.1 
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Where fr is resonance frequency, Cel is the capacitance of piezoelectric element (6).  

Svilainis and Motiejünas showed that the series inductance from a transformer resulted 

in a more stable efficiency over the frequency span even though the efficiency at resonance 

was lower than without the series inductor as seen in figure 3 and 4 (5): 

 

Figure 3. Modelled results of a signal generators power transfer efficiency for an 

ultrasonic transducer with transformer coupling. Rg is the signal generator impedance (5). 

 

Figure 4. Normalized acoustic emission output. Note that the added transformer 

results in a more broadband characteristic even though the acoustic emission output 

does not shift significantly. Rg is the signal generator impedance (5). 

2.3.3 Internal Friction  

As mentioned, a part of supplied electric energy is dissipated due to internal friction 

factors as dielectric losses (which was represented by R1 in section 2.3.2) resulting in a 

temperature rise of the piezo element during the process of converting electrical energy 

into emission of acoustic waves. Sharapov et. al. describes methods of increasing sound 

pressure by reducing internal friction factors (6).   

2.3.4 Impedance Mismatch 

To achieve maximal power transfer from a signal source to an electrical load, the signal 

source impedance shall face its complex conjugate. Otherwise a part of the signal will be 

reflected to the source. This is further discussed in Appendix B: State of the Art.  
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Appendix B: State of the Art 

Appendix B present fundamental theory of ultrasound and electronics as well as a short 

introduction about the laboratory setup.  
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1 Introduction 
In the last century, interest in high-frequency acoustics, its physical properties and areas of 

use has evolved. The French physicist Paul Langevin is often credited as the father of 

ultrasound and a collaboration between French and British scientists during the first world 

war to invent methods for submarine detection acted as stepping stone for ultrasound 

research and progress (1). The Austrian Karl Dussik did the first echo imaging of a human 

in 1941 but it would take until the late 40s before ultrasound was introduced in health care 

by the work of Dr. George Ludwig (2).  

Nowadays ultrasound is used in a high extent in health care. It is used as an imaging 

technique giving real time images with no exposure of ionizing radiation. It can also be used 

as a therapeutic method for treatment of e.g. prostate cancer (3). Ultrasound is further more 

used for molecular applications and have been shown a promising method for trapping (4) 

and steering (5) of micro particles and cells in microfluidic systems, enabling real time 

observation of cells with a maintained viability and biocompability. The technique might in 

the future provide several applications within cell biology and medicine.  

1.1 Cell Trapping 

The Department of Applied Physics at the Royal Institute of Technology has developed a 

system for ”3D Tissue Engineering” using ultrasonic standing wave trapping, schematically 

illustrated in figure 1. The system is based on the method of manipulating a cell culture 

located in a micro plate with ultrasonic standing waves to stimulate cell growth into 3D 

structures. The technique enables study of natural killer cells response on 3D clustered 

tumour cells and investigate why some are more efficient than others in annihilation of 

cancer cells. Compared with ordinary systems based on 2D cell cultures, the method has 

advantages in terms of bridging the gap between in vitro and in vivo studies, since cells are 

allowed to grow and interact in a more in vivo – like environment (6; 7). 

 

Figure 1: Schematic image of the setup with a function generator (FG) and amplifier (AMP) making up the 

voltage supply system and the transducer (TRANS) attached to a multi-well platform containing the cell sample. 

This is not the first and only study of trapping cells with the use of acoustic standing waves. 

According to Wiklund the first set up of cell trapping with the use of acoustic was done in the 

seventies by a scientific group led by M. Dyson, where they intercept red blood cells in vivo 

(8). Since then, this area has developed and evolved throughout the scientific world. A team 

led by Mikael Evander trapped stem cells and yeast cells using three PZT (lead zirconate 

titane) transducers mounted on a polychlorinated biphenyl (PCB) plate. On top of the chip a 

thin glass sheet with milled channels was fixed in which the fluid was transported, managing 

to keep them viable for 15 minutes (9). Another research group used a beam lithium niobate 

single element transducer to trap lipid droplets of the size 126.9 ± 5.6 μm. They showed a 
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relationship between the driving frequency and the size of the particle, meaning that the 

frequency option can be used to separate particles along its size (10). 

An American scientific team designed a setup using surface acoustic waves (SAW) able to 

trap micro particles in a microfluidic channel. By switching between two different 

frequencies, observations showed the possibility to manipulate the particle displacement in 

the microchannel. However, their work is limited to two dimensions thus not bridging the 

gap between in vitro and in vivo studies (5). A PZT- 5H phased array has also been used to 

manipulate cells and trapping micro particles. The phased array allowed movement of the 

particles in a fluid after being trapped, without usage of milled channels in a microchip (11). 

Other methods of cell trapping do also exist whereas one is the so called Optical Tweezer, 

where highly focused laser is used to collect and/or sort cells and dielectric particles. The 

benefits of using ultrasound for cell trapping is however the maintained cell viability and 

biocompability (5). But, as Wiklund reflects on in "Biocompatibility and cell viability in 

microfluidic acoustic resonators", acoustic waves might cause cell damage. In standing waves 

there is a phase difference between pressure maxima and velocity maxima causing the cell 

either to vibrate or compress. Ultrasonic waves in the high frequency region (~108 Hz region) 

may cause energy absorption with sequent heating. To maintain an environment wherein 

the cells thrive and prosper, cooling systems and control should be added. Temperature 

changes may also occur due to the mechanical and dielectric losses from the piezoelectric 

element in the transducer. The radiation forces acting on cells or particles, making them 

cluster, and the succeeding acoustic streaming might in fact also cause damage due to cell 

lysis (8; 9).  
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2 Ultrasonic Waves 
In order to fully grasp the area of cell trapping attention must be turned to the physical and 

mechanical properties of ultrasound. Ultrasound is mechanical wave propagation in a 

medium, transporting energy shifting between potential and kinetic energy at a frequency 

above 20 kHz. Its energy conversions can much be resembled to a slinky, varying between 

high kinetic energy at maximum movement and high potential energy when at rest (12). 

Acoustic waves do behave in a spectrum of waveforms, e.g. plane wave, standing wave and 

surface wave. A standing acoustic wave fluctuates between pressure nodes (N) and antinodes 

(AN), a phenomenon important to manage for understanding cell trapping with acoustics, 

illustrated in figure 2. 

 

Figure 2: Displaying the fluctuations in pressure and particle displacement of a standing wave travelling in one 

direction (a) as well as the formation of an ultrasonic standing wave due to interference between incoming and 

reflected wave (b). In figure b) there is also displayed the pressure nodes (N) and antinodes (AN).  

Depending on angle of inclination, the materials acoustic impedance and properties, the 

sound wave reflect and/or transmit when going through two (or more) different media. 

Acoustic impedance and its significance in wave propagation is a well-covered area and will 

be given less attention in this report.  

 

 

 



   

 

4 

 

2.1 Acoustic Radiation Force 

The concept of acoustic cell trapping also requires knowledge about the forces ultrasonic 

waves do exert. The acoustic radiation force can be divided into two, the force acting on a 

single particle called primary force and the secondary force or Bjerknes force referring to the 

interactions between particles.  

For the primary force, Yosiaka and Kawasiwa used equations derived by the work of Louis 

King in the 1930s regarding acoustic sound on a stiff sphere in a fluid, to apply for forces on 

a liquid drop in a standing wave (13). Bruus extended the work on wave theory and radiation 

force of a spherical particle, where the wavelength, >>radius, r, in a fluid concluded that the 

total force is the gradient of the acoustic potential, U, eq. 2.1 and eq. 2.2 (14); 

F = -U Eq. 2.1 

U = V[
1

2 
f10pin

2 - (
3

4
f20vin)] Eq. 2.2 

 

V: Volume of sphere particle with radius r 

f1: Monopole coefficient 

f2: Dipole coefficient, translational movement of particle 

0: Compressibility of the fluid 

pin: Pressure 

0: Fluid density 

vin:  Incoming velocity wave 

 

Equation 2.2 can be used for a 1D standing wave modulation resulting in eq. 2.3 (14):  

F = 4πkr3ß(,)𝐸𝑠𝑖𝑛(2𝑘𝑥) Eq. 2.3 

 

F: Acoustic force 

E: Acoustic energy density 

β(κ,ρ): Acoustopheretic contrast factor 

κ: Compressibility 

ρ: Density ratio 

x: Propagation direction 

k: Wave number 

 

Depending on the ratio of compressibility and density ratio, the force, F, in equation 2.3 is 

pushing the particle toward the pressure node or antinode (14) as illustrated in figure 3.   
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Figure 3: illustrating the primary force acting on a particle in a standing acoustic wave. Depending on 

magnitude of the density ratio, ρ, and compressibility, κ, the particle will be either forced toward the pressure 

node as in figure a) or toward the antinode as displayed in figure b). 

Acoustic waves being scattered by the particles in a fluid cause the secondary force. 

Depending of the localization of the particles relative to the propagation of the standing wave, 

particles will either attract or repel each other. The secondary force has less influence on the 

cell clustering than the primary force and is thus given less attention in this report (15).  

2.2 Generation of Ultrasonic Waves  

When applying electrical stress on a piezoelectric material a mechanical deflection within the 

material occur. By using alternating current, the piezoelectric material oscillates according 

to the applied frequency leading to alternating pressure in the acoustical domain (16).  

 One of the most common piezoelectric materials used is the so called PZT – lead zirconate 

titane based ceramic. The advantage of using ceramics over for instance crystals is the higher 

sensitivity and ability of poling. Ceramics do also possess the ability of being tailored for the 

specific area of use; whether low power high sensitivity (receiver) is needed or high power 

and low sensitivity (actuator) (17). Further information about the electrical characteristics of 

PZT can be found in section 3.5.  
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3 Electrical Definitions 
Concepts and definitions in electronics will be described in this section and coupled to 

piezoelectric elements and the phenomenon of cell trapping.  

3.1 Electrical Impedance 

Electric impedance represents the resistance of an active current (AC) circuit or component 

and is often illustrated in vector form as Z = R±Xj [Ω] where the real part represents the 

resistance and the imaginary part the reactance illustrated in figure 4. The sign of the 

reactance can refer to either inductive (positive sign) or capacitive reactance (negative sign) 

(18). 

 

Figure 4: Relationship between resistive and reactive part in impedance. 

3.2 Reactance 

Reactance is circuits, or its electrical components, opposition to the alternating current that 

flows through it in account of its inductive and/or capacitive properties, denoted XL and XC 

respectively. Inductive reactance opposes changes in the circuit and is proportional to the 

circuit frequency and inductance, L (19):  

XL = 2πfL  Eq. 3.1 

whereas the capacitive reactance is inversely proportional to the frequency, f, and 

capacitance, C, meaning that XC will drop as the frequency increase: 

XC = (2πfC)-1  Eq. 3.2 

 

3.3  Admittance and Susceptance 

The ability of allowing current to flow in a AC circuit is denoted as admittance. The 

relationship between admittance and impedance is shown in equation 3.3: 

 
XjRZ

Y



11

 Eq. 3.3 

where Y is the admittance measured in Sievert [S]. Since admittance is the inverse of 

impedance it will also include complex components. 

Susceptance represents the imaginary part of admittance and is a measure of how susceptible 

a component is for the current in a circuit. It is measured in Sievert [S] and denoted B (18). 



   

 

7 

 

For inductor: 

 Eq. 3.4 

For capacitor:  

 Eq. 3.5 

 

3.4 Quality Factor and Bandwidth 

The quality factor, or Q-factor, generally represents the characteristics of a system and is 

defined according to eq. 3.6 where fr and Δf is the systems resonance frequency and 

bandwidth respectively:  

𝑄 = 𝑓𝑟/∆𝑓 Eq. 3.6 

For an oscillating system, as for an ultrasound transducer, higher Q-factor represents a 

longer settling time for the oscillations whereas lower Q-factor represents shorter settling 

time.  

In electronics, the Q-factor can represent selectivity for filters, phase noise for oscillators or 

the bandwidth for antennas (18). From here on we will refer to it as the selectivity for filters, 

if not other is stated. There is a trade-off between performance and stability, that is frequency 

bandwidth and damping versus high Q-factor (20). Desirable is to design a system that can 

operate with a broad bandwidth within adequate Q-factor limit, thus provide more energy to 

the system (21).  

3.5 Piezoelectric, Acoustic and Cell Trapping Interface 

Piezoelectric transducers are approximately narrowband spring-mass systems - they do 

respond at all frequencies but with frequency dependent acoustic output related with the self-

resonance of the transducer. At the resonance frequency and its harmonics, the energy 

conversion between elastic and inertial energy will be equal and opposite resulting in an 

elimination of reactive mechanical impedance (22). A piezoelectric materials fundamental 

resonance frequency is usually specified by the manufacturer with a margin of error interval 

and can be analysed by measuring the electrical admittance over a frequency span. The 

resonance frequency is then found by localizing at which frequency maximal conductance and 

0˚ phase shift coincide and for PZT materials. However, for the cell trapping setup a broader 

frequency span would increase the possibility to expand the area of use, for instance the 

spatial pulse length or trapped particle dimension. This ability to use a frequency span must 

be considered when designing an impedance matching circuit (23; 24).  

Previous setup performed by Olofsson showed that when varying the systems driving 

frequency, optimal cell clustering performance frequency differed from the piezoelectric 

element resonance frequency at 2.18 MHz (25). This was not the case for Hammarström’s 

setup where the trapping efficiency coincided with the resonance frequency. A dip in 

resistance and zero phase transition was also clearly visible in an impedance/frequency-plot. 

Worth to note was that selecting a frequency of 50kHz off resonance would result in a ten-

L

L
X

B
1



C

C
X

B
1
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fold decrease in cell clustering performance (20). Olofsson’s phenomenon origin from the 

behaviour of the walls in the resonator, that is the multi-well chip, where the standing wave 

would transmit into the neighbouring wells interfering with its standing wave thus altering 

the position of the pressure node. It might also be affected by the transducer element setup 

which seemed to cause a shift of its resonance frequency.  

3.6 Electrical and Piezoelectrical Interface 

Low efficiency in transforming electrical to mechanical energy occurs mainly due to 

mismatching of electrical impedance between the transducer element and the voltage supply 

system (amplifier and signal generator), resulting in a power reflection when transmitting 

power to the transducer. Furthermore, the generation of ultrasound waves will be as most 

efficient if the transducer is driven at resonance, i.e. if the driving frequency of the electrical 

signal is equal with the transducers resonance frequency. 

Olofsson’s earlier study of the micro tissue engineering setup has shown that the electrical 

impedance of the transducer is below the source impedance of 50 Ω for all frequencies 

between 2.1-2.8 MHz with a maximum of approximately 27 Ω (see figure 5) (25).  

 

Figure 5: The impedance response for various frequencies in the (fully assembled) transducer. The figure is from 

Kalle Olofsson’s thesis, “Optimizing an Ultrasonic 3D Culture Platform” (25). 

However, Olofsson did not demonstrate any phase measurements, but Hammarström 

revealed both a phase shift close to 90˚ and impedance dip at the transducers resonance 

frequency (20). In conclusion, the electrical impedance of a transducer is not to be seen as 

constant over a frequency span but varies. The available power, P, to the system is given by 

equation 3.8 (22):  

𝑃 =  𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠𝑐𝑜𝑠∅ Eq.  3.7 

where ∅ defines the phase between current, Irms, and voltage, Vrms. Maximum power is thus 

given at zero phase shift, when current and voltage is in phase. 
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Studies stresses that the PZT is of conductive nature (26; 27) and is a dissipative system. 

This implies that the system also suffers from dielectric losses; some energy is dissipated as 

heat during the transition from electrical to mechanical energy. The dielectric loss constant 

varies between different ceramic materials and is dependent on the impedance Z, sample 

thickness d, area A, angular frequency w and permittivity 𝜀0 seen in equation 3.7 (27). The 

power density due to dielectric losses can be calculated with equation 3.9 and for mechanical 

losses by equation 3.10 (28) :  

 

𝜀 = 𝑑/(ω|Z|𝜀0𝐴) Eq. 3.8 

𝑃𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =  
1

2
ω𝐸2

𝜀𝑟𝜂𝑒 
Eq. 3.9 

𝑃𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 =  
1

2
ω𝜂𝑚𝑅𝑒(𝜀𝑠𝐷𝜀𝑠 )1 

Eq. 3.10 

 

where E is the electric field amplitude, 𝜀𝑟 the relative permittivity vector, 𝜂𝑒 dielectric loss 

factor, 𝜂𝑚 mechanical loss factor, D elasticity factor and  𝜀𝑠 strain vector.  

  

                                                
1 For clarification 𝑅𝑒(𝜀𝑠𝐷𝜀𝑠 ) means the real part of the complex conjugate of elasticity and strain 

vector times the strain vector.  
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4 Electrical Impedance Matching 
To attain an even transition between components in a circuit with different electrical 

impedance, it is possible to construct an impedance matching circuit acting as a bridge. The 

main purpose of electrical impedance matching is to provide optimal power transfer between 

a signal source and a load component in the design of radio frequency circuitry. If the 

impedance between components does not match, a fraction of the signal will be reflected at 

the interface between the components rather than propagating throughout the circuit, thus 

resulting in power loss (18).  

The most common type of impedance matching is constructed with a LC-network (section 4.2) 

which refers to a circuit with inductive and capacitive components. Their respective values 

and placement can be calculated manually (section 4.2.1), by using a Smith Chart (section 

4.2.2) or with an appropriate software. Impedance matching might also be achieved using a 

transformer, discussed in section 4.3.  

LC circuits and transformers have their specific pros and cons but with the common 

disadvantage of being passive solutions (28); they are optimal for a specific frequency and 

impedance span which will depend on the electrical characteristics of the transducer element 

that will make up the load impedance ZLoad.  

4.1 Maximal Power Transfer  

It can be shown that transmission of maximum power from a source to a load impedance in 

AC circuits occurs when the load impedance ZLoad= RLoad ± jXLoad is equivalent with the 

complex conjugate of the source impedance ZSource = RSource ± jXSource (29).   

Furthermore, the criteria for an optimal impedance matching circuit are to:  

 Provide the load with required and stable current and voltage waveforms 

 The matching circuit itself shall have small losses to maximize the efficiency of the 

output power transfer to the load 

 Be easy to tune (30) 

4.2  LC Networks 

LC networks simply represents all impedance matching circuits consisting of only inductors 

and capacitors (represented by the letter L and C respectively). Three typical LC networks 

are the L-, - and T-network. In section 4.2.1, the mathematical representation for each of 

the components in a LC circuit is described. Their values can also be derived faster and more 

practical by using a Smith Chart, which will be described in section 4.2.2. 
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4.2.1 Types of LC circuits 

In table 1 the three most common, or basic if you will, types of LC networks with associated 

equations for its resistive part and characteristics are listed. The schematic image for each 

circuit is supposed to be implemented in the “impedance match” block displayed in figure 6. 

 

Figure 6: where ZSource refers to the internal impedance of the voltage supplier, in this thesis case the function 

generator and amplifier, and ZLoad the impedance of the load. The “Impedance Matching” box shows where the 

impedance matching circuit is supposed to be implemented in order to gain maximum power delivery and 

minimum reflected voltage. 

The circuits presented in table 1 can be expanded and developed with more components to 

achieve satisfying results for the relevant circuit.  

Table 1 showing 3 types of LC-network (L-network, -network and T-network) with relevant equations.  

Circuit 

RSource>RLoad 

Schematic 

Image 

Impedance 

equations 

Characteristics 

and comments 

 

L-network 

 

𝑄 =  √
𝑅𝑠𝑜𝑢𝑟𝑐𝑒

𝑅𝑙𝑜𝑎𝑑

− 1 

 
𝑋𝐿 = 𝑄𝑅𝑙𝑜𝑎𝑑 

 

𝑋𝑐 =  
𝑅𝑠𝑜𝑢𝑟𝑐𝑒

𝑄
 

 

𝐵𝑊 =  
𝑓

𝑄
 

 Fixed Q-factor 

 Risk of 

unrealistic size 

of capacitance 

and inductance 
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-network 
 

 

𝑄1 =  
𝑓

𝐵𝑊
 

 

𝑅𝑣 =  
𝑅𝐻

𝑄1
2 − 1

 

 

𝑋𝐿1 = 𝑄1𝑅𝑙𝑜𝑎𝑑 

 

𝑋𝑐1 =  
𝑅𝑠𝑜𝑢𝑟𝑐𝑒

𝑄1

 

𝑄2 =  √
𝑅𝑙𝑜𝑎𝑑

𝑅𝑣

− 1 

𝑋𝐿2 = 𝑄2𝑅𝑠𝑜𝑢𝑟𝑐𝑒 

𝑋𝑐2 =  
𝑅𝑙𝑜𝑎𝑑

𝑄2

 

 

 RH is the larger 

of Rsource and Rload 

 RV is a virtual 

load 

 Ability to tailor 

according to 

broadband or 

selective circuit 

(29) 

 

T-network 

 

𝑄1 =  
𝑓

𝐵𝑊
 

 
𝑋𝐿 = 𝑄𝑅𝑙𝑜𝑎𝑑 

 

𝑋𝑐2 =  𝑅𝑙𝑜𝑎𝑑√
𝑅𝑠𝑜𝑢𝑟𝑐𝑒(𝑄2 + 1)

𝑅𝑙𝑜𝑎𝑑

− 1 

 

𝑋𝑐1 =  
𝑅𝑠𝑜𝑢𝑟𝑐𝑒(𝑄2 + 1)

𝑄2𝑅𝑙𝑜𝑎𝑑

𝑄𝑅𝑙𝑜𝑎𝑑 − 𝑋𝐶2

 

 

 Ability to tailor 

according to 

broadband or 

selective circuit 

(29) 

 

  



   

 

13 

 

4.2.1.1 Smith Chart 

The Smith Chart was created in the early days of Radio Frequency (RF) engineering by 

Phillip Hagar Smith (1905-1987) with the objective to simplify and visualize the procedure 

of solving repetitive equations, as when designing impedance matching circuits. Nowadays 

the process is computerized and the values can be calculated using appropriate software. But 

the Smith Chart is often recurring within visualization and understanding of reactive 

circuits.  

As seen in figure 7 the Smith chart is constructed of circles with different radii originating 

from the same coordinate (1,0). The Smith Chart can be described with the following 

properties:  

 Each circle represents a specific resistance value along its circumference. The biggest 

circle represents 0 Ω whilst the point (1,0) represents +∞ Ω. 

 Each reactance arc represents a specific reactive value, above the central line are 

inductive values and under the central line are capacitive values. 

 If figure 7a and 7b are plotted together they will form the Smith Chart which can be 

seen in figure 7c.  

 
 

a)  

 
 

b) 

 
 

c) 

Figure 7: a) Resistance values represented by each circle. b) reactive values represented by each line. c) fused 

Smith Chart used for determining impedance matching circuits (31). 
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A Smith Chart might represent impedance as well as admittance. If combined they will form 

the normalized admittance and impedance chart (31) which is a powerful tool when designing 

LC circuits. Note that the Smith Chart might represent either impedance or admittance and 

that coordinate values are rather small compared with practical values which is solved by 

normalization.  

By plotting the intersection points in the Smith Chart between the resistive and reactive 

values for ZLoad and ZSource respectively, it is possible to draw a path along the impedance and 

admittance circles from the plotted ZLoad to ZSource. Every movement along the circles 

corresponds to adding either an inductor, L, or capacitor, C, in series or as a shunt to the 

physical impedance matching circuit. The values of the added L or C depends on the length 

travelled along the circles which is read out as reactance or susceptance values. 

 Clockwise movement along the impedance circles represents a series L component 

 Counter clockwise movement along the impedance circles represents a series C 

component 

 Clockwise movement along the admittance circles represents a shunt C component 

 Counter clockwise movement along the admittance circles represents a shunt L 

component 

Where their specific inductive and capacitive values are calculated according to eq. 4.1-4.4:  

Series L: 


XN
L   Eq. 4.1 

Series C: 
XN

C


1
  Eq. 4.2 

Shunt L: 
B

N
L


  Eq. 4.3 

Shunt C: 
N

B
C


  Eq. 4.4 

 

Where 

N: The number used to normalize 

X: The reactance read from the Smith Chart 

B: The susceptance read from the Smith Chart 

ω: 2πf, where f is the driving frequency of the system 
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4.3 Transformer 

Another method is to use a transformer and match the impedance by its primary and 

secondary coil. Voltage across the primary coil induces a magnetic flux, generating voltage 

across the secondary coil seen in figure 8. The number of windings around each coil for ideal 

impedance matching can then be calculated with equations 4.5 and 4.6 (18):  

Z1 = n2Z2 

 

 
𝑁1

𝑁2
= 𝑛  

Eq. 4.5 

 

Eq. 4.6 

 

Z1: Impedance of primary circuit 

Z2: Impedance of secondary circuit 

N1: Turns around primary coil 

N2: Turns around secondary coil 

 

To match a high impedance primary circuit with a low impedance secondary circuit a step-

down transformer would be used (n>1). Although a step-down transformer also reduces the 

voltage applied to the secondary circuit, it at the same time increases the current thus 

keeping the power supply constant:  

𝑉1

𝑉2
 = 

𝑁1

𝑁2
=

𝐼2

𝐼1
 Eq. 4.7 

 
𝑉2

𝑛
= 𝑉1 Eq. 4.8 

 

There are several types of transformers with different coils and designs, with different 

characteristics. The ferromagnetic core coil does have a high coefficient of coupling, meaning 

that its primary magnetic flux links with the secondary (18). 

 

Figure 8: Illustration of a simple transformer with its windings, Np and Ns, and magnetic flux. 
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